I N T R O D U C T I O N

Intracellular Mg
2+ (Mg i ) is not used as a signaling mole cule in normal cellular function, and its concentration is thought to be nearly constant under physiological conditions. However, Mg i increases after transient ische mia in the heart (Murphy et al., 1989; Headrick and Willis, 1991) and decreases in heart failure (Haigney et al., 1998) . Altered Mg i is also observed in pathophysi ological conditions in the brain (Resnick et al., 2004; Mendez et al., 2005) and skeletal muscle (Resnick et al., 2004) . Elucidation of the regulatory effects of Mg i under these pathophysiological conditions would be an impor tant advance toward understanding the impairments of cell function in these disease states.
Ltype Ca 2+ currents initiate excitation-contraction coupling in cardiac muscle cells (Reuter, 1979; Bers, 2002) . Mg i inhibits the Ltype Ca 2+ currents in ventricular myo cytes at physiologically relevant concentrations in the range of 0.8 mM (White and Hartzell, 1988; Agus et al., 1989; Yamaoka and Seyama, 1996a; Pelzer et al., 2001; Wang et al., 2004 myocytes are conducted by Ca V 1.2 channels consisting of a poreforming  1 1.2 subunit in association with  and  2  subunits (Catterall, 2000) . The  1 subunits are composed of four homologous domains (I-IV) with six transmembrane segments (S1-S6) and a reentrant pore loop in each. Multiple regulatory sites are located in the large Cterminal domain (De Jongh et al., 1996; Peterson et al., 1999; Zuhlke et al., 1999; Hulme et al., 2003) , which is subject to in vivo proteolytic processing near its center (De Jongh et al., 1991 Hulme et al., 2005) . A nearby IQ motif in the proximal C terminus is implicated in Ca 2+ dependent inactivation mediated by Ca 2+ /calmodulin (Peterson et al., 1999; Zuhlke et al., 1999) . Noncovalent interaction of the distal C terminus with the proximal Cterminal domain has an auto inhibitory effect by reducing coupling efficiency of gating charge movement to channel opening and posi tively shifting the voltage dependence of activation (Hulme et al., 2006) . The proximal Cterminal domain also contains an EFhand motif, a potential divalent Cooperative regulation of Ca v 1.2 channels by intracellular Mg 2+ , the proximal C-terminal EF-hand, and the distal C-terminal domain Sylvain Brunet, Todd Scheuer, and William A. Catterall Department of Pharmacology, University of Washington, Seattle, WA 98195 Ltype Ca 2+ currents conducted by Ca v 1.2 channels initiate excitation-contraction coupling in cardiac myocytes. Intracellular Mg 2+ (Mg i ) inhibits the ionic current of Ca v 1.2 channels. Because Mg i is altered in ischemia and heart failure, its regulation of Ca v 1.2 channels is important in understanding cardiac pathophysiology. Here, we studied the effects of Mg i on voltagedependent inactivation (VDI) of Ca v 1.2 channels using Na + as permeant ion to elimi nate the effects of permeant divalent cations that engage the Ca 2+ dependent inactivation process. We confirmed that increased Mg i reduces peak ionic currents and increases VDI of Ca v 1.2 channels in ventricular myocytes and in transfected cells when measured with Na + as permeant ion. The increased rate and extent of VDI caused by increased Mg i were substantially reduced by mutations of a cationbinding residue in the proximal Cterminal EFhand, consistent with the conclusion that both reduction of peak currents and enhancement of VDI result from the binding of Mg i to the EFhand (K D ≈ 0.9 mM) near the resting level of Mg i in ventricular myocytes. VDI was more rapid for Ltype Ca 2+ currents in ventricular myocytes than for Ca v 1.2 channels in transfected cells. Coexpres sion of Ca v  2b subunits and formation of an autoinhibitory complex of truncated Ca v 1.2 channels with noncova lently bound distal Cterminal domain (DCT) both increased VDI in transfected cells, indicating that the subunit structure of the Ca v 1.2 channel greatly influences its VDI. The effects of noncovalently bound DCT on peak cur rent amplitude and VDI required Mg i binding to the proximal Cterminal EFhand and were prevented by muta tions of a key divalent cationbinding amino acid residue. Our results demonstrate cooperative regulation of peak current amplitude and VDI of Ca v 1.2 channels by Mg i , the proximal Cterminal EFhand, and the DCT, and suggest that conformational changes that regulate VDI are propagated from the DCT through the proximal Cterminal EFhand to the channelgating mechanism.
cationbinding site and a prime candidate for mediat ing inhibition by Mg i .
Upon maintained depolarization, Ltype calcium cur rents in neurons, cardiac myocytes, and other cell types inactivate by a dual mechanism dependent on both Ca 2+ and voltage (Brehm and Eckert, 1978; Tillotson, 1979; Ashcroft and Stanfield, 1981; Lee et al., 1985; Nilius and Benndorf, 1986) . Inactivation plays an important role in the control of the action potential duration and exci tation-contraction coupling (Kleiman and Houser, 1988; Keung, 1989; Ahmmed et al., 2000) . The physio logical significance of voltagedependent inactivation (VDI) is illustrated by the dramatic effects of mis sense mutations that impair VDI in Timothy syndrome (Splawski et al., 2004) , which is characterized by pro longed QT interval, prolonged action potential dura tion, and severe ventricular arrhythmias in the heart, as well as by developmental abnormalities in other tissues and autism spectrum disorder in the brain (Splawski et al., 2004 (Splawski et al., , 2005 .
Our previous work showed that Mg i inhibits Ca V 1.2 channels in transfected cells in the same concentration range as in cardiac myocytes, and implicated the proxi mal Cterminal EFhand motif in the reduction of peak Ltype Ca 2+ currents of Ca V 1.2 channels by Mg i (Brunet et al., 2005a,b 
M A T E R I A L S A N D M E T H O D S
Ventricular myocyte isolation
Left ventricular myocytes were isolated from 8-12wkold female adult C57/BL6 mice as described previously (Brunet et al., 2004) and maintained at 37°C until use. All protocols were approved by Figure 1 . Effects of Ba 2+ and Na + ion as charge carrier on VDI of Ca V 1.2 current expressed in tsA201 cells. (A) Relationship between r 1000 and current amplitude of Ca V 1.2 currents (n = 52) with Ba as charge carrier I CaV1.2 (Ba). The straight line represents a linear regression (r = 0.61; P < 0.001). (B) Inactivation of typical current traces from cells with low and high current amplitudes (cells a and b from A). (C) Relationship between r 1000 and current amplitude of Ca V 1.2 currents (n = 19) with Na + as charge carrier I CaV1.2 (Na). The straight line represents a linear regression (r = 0.11; P = NS). (D) Inactivation of typical current traces from cells with low and high current amplitudes (cells a and b from C). Currents were elicited by a depolarization to 0 mV for 1,000 ms from a HP of 80 mV and normalized to their peak amplitudes. The Mg i concentration was 0.8 mM. Dotted lines in this and all figures represent the zero current level. centration was altered by changing the amount of MgCl 2 added to the intracellular solution. Free Mg i was calculated by the MaxChe lator program (Bers, 2002) .
Data analysis
Voltage clamp data were compiled and analyzed using IGOR Pro (WaveMetrics Inc.) and Excel (Microsoft). Peak currents were measured during 300ms (for Ltype Ca 2+ current) or 1,000ms (for Ca V 1.2 current) depolarization to potentials between 50 and 70 mV for Ltype Ca 2+ currents, and 80 to 20 mV for Ca V 1.2 currents. To quantify inactivation, peak currents elicited by 300 or 1,000ms depolarizations to 0 mV were normalized to 1.0, and the fraction of peak current remaining at the end of the voltage pulse (r 300 or r 1000 ) was measured. For steadystate inactivation parameters, tsA201 cells were depolarized from a holding poten tial (HP) of 80 mV for 4 s to membrane potentials from 80 to 20 mV in 10mV increments. Na + currents were then elicited by a 30ms depolarization to 30 mV, followed by repolarization to 40 mV to measure tail currents. Pulses were applied every 30 s. Ltype Ca 2+ current density (pA/pF) was defined as the peak current elic ited by the voltage depolarization normalized to the whole cell membrane capacitance (within the same myocyte).
All data are presented as mean ± SEM. The statistical signifi cance of differences between the various experimental groups was evaluated using the Student's t test or oneway ANOVA, fol lowed by the NewmanKeuls posttest; pvalues are presented in the text.
R E S U L T S
VDI of Ca V 1.2 channels
In our previous studies, we found that increased Mg i reduces peak Ba 2+ currents conducted by Ca V 1.2 chan nels expressed in tsA201 cells (Brunet et al., 2005b (Ferreira et al., 1997) . The Mg i con 
Enhancement of VDI of L-type Ca 2+ currents of ventricular myocytes by Mg i
In ventricular myocytes, the rate of inactivation of I Ca,L (Na) currents was reduced compared with I Ca,L (Ca) cur rents, as observed previously (Sun et al., 2000) (Fig. 3 A) . The value of r 300 for I Ca,L (Na) decreased from 0.44 ± 0.02 (n = 9) with 0.8 mM Mg i to 0.30 ± 0.02 (n = 13) with 2.4 mM Mg i (P < 0.01), and 7.2 mM Mg i caused a further re duction (Fig. 3 , B and C). The reduction of peak Ca V 1.2 current (Fig. 2) plus the acceleration of VDI (Fig. 3) would work together to markedly reduce Ca 2+ entry when Mg i is elevated in cardiac myocytes.
expressed in tsA201 cells using Ba 2+ as the charge car rier. This approach reduces Ca 2+ dependent inactiva tion because Ba 2+ does not bind with high affinity to calmodulin, which mediates Ca 2+ dependent inactiva tion by binding to an IQ motif in the Cterminal do main (Peterson et al., 1999; Zuhlke et al., 1999) . Ba 2+ currents inactivated slowly as expected (Fig. 1, A and B) . However, the rate of inactivation depended on the size of the Ba 2+ current (Fig. 1, A and B) . Using the ratio of inward current at the end of a 1,000ms test depolar ization to the peak current (r 1000 ) as an index of inacti vation, we found a significant increase in inactivation with larger peak Ba 2+ current amplitude (r = 0.61; P < 0.001) (Fig. 1, A and B) . Because of this Ba 2+ depen dent effect on inactivation, we could not use Ba 2+ as a charge carrier to examine the effect(s) of Mg i on VDI of Ca V 1.2 channels unambiguously. To avoid such effects of permeant divalent cations, we used Na + as charge carrier to measure VDI independently of divalent cat ion-dependent inactivation.
When extracellular Ca 2+ is reduced below micromo lar level, Ca V 1.1 and Ca V 1.2 channels become perme able to monovalent cations (Almers et al., 1984; Hess and Tsien, 1984; Hadley and Hume, 1987) , allowing measurements of Ca V 1.2 channel activity in the ab sence of permeant divalent cations. As anticipated, no correlation between the peak current amplitude and r 1000 was observed with Na + as charge carrier (r = 0.11; P = NS) (Fig. 1, C (Ferreira et al., 1997; Sun et al., 2000) . Except where indicated, Na + was used as charge carrier to examine the effects of Mg i on VDI of Ca V 1.2 channels in our subsequent experiments.
Reduction of peak L-type Ca 2+ currents in ventricular myocytes by Mg i
Mg i inhibits Ltype Ca 2+ currents of cardiac myocytes (White and Hartzell, 1988; Yamaoka and Seyama, 1996a; Wang et al., 2004) . As a baseline for our experi ments, we examined the impact of changing Mg i on the Ltype Ca 2+ currents of mouse ventricular myocytes (Fig. 2) . With Ca 2+ as a charge carrier, increasing Mg i from the normal resting value of 0.8 to 2.4 mM, a pathophysiologically relevant concentration (Murphy et al., 1989) , decreased mean I Ca,L (Ca) density from 8.0 ± 0.6 pA/pf (n = 13) to 5.6 ± 0.3 pA/pf (n = 8; P < 0.05) (Fig. 2, A and B). Further reduction was ob served with 7.2 mM Mg i (Fig. 2, A and B) . The reduc tion in current density when Mg i was increased from 0.8 to 2.4 mM was greater with Na + as charge carrier (61 ± 5%; n = 6) compared with Ca 2+ as charge carrier (30 ± 3%; P < 0.001), and an additional decrease was observed at 7.2 mM Mg i (Fig. 2 , C and D). 2+ ver sus Na + as charge carrier. Normalized and averaged current traces for Ca 2+ I Ca,L (Ca) (n = 6) and Na + I Ca,L (Na) (n = 9). (B) Effect of Mg i on the inactivation of I Ca,L (Na). Normalized average current traces are shown. (C) Plot of r 300 versus Mg i concentrations. n = 4, 9, 13, and 10 for 0.26, 0.8, 2.4, and 7.2 mM Mg i , respectively. potentials (Fig. 5 A) . These effects are similar to those observed when Ba 2+ was used as charge carrier for transfected Ca V 1.2 channels (Brunet et al., 2005b) and for myocyte Ltype Ca 2+ currents (Hartzell and White, 1989) . Complete inactivation at depolarized potentials was observed with 2.4 and 7.2 mM Mg i in these experiments using Na + as a charge carrier (Fig. 5 A  and Table I ), but not when Ba 2+ was the permeant ion (Brunet et al., 2005b) .
To test the role of the proximal Cterminal EFhand in the enhancement of steadystate inactivation by Mg i , we examined the effects of Mg i on the mutant D1546K. Mg i caused a similar negative shift of the voltage depen dence of inactivation for this mutant compared with WT, suggesting that the negative shift of the voltage de pendence of inactivation does not require binding to the EFhand. However, steadystate inactivation of mu tant D1546K was less complete at the most positive pre pulse potential (+20 mV) than WT at each concentration of Mg i (Fig. 5 B and Table I , I noninact ). When plotted as a concentration-response curve, the dependence of the extent of inactivation at +20 mV on Mg i is shifted to higher concentrations by the mutation D1546K with a halfmaximal effect at 0.78 ± 0.04 mM Mg i in WT com pared with 3.6 ± 1.4 mM Mg i for the mutant, a ratio of 4.6 ± 0.39 (Fig. 5 C) . This decrease in apparent affinity for Mg i in enhancing the extent of VDI caused by the mutation D1546K is similar to the decrease of 3.6fold in the apparent affinity for Mg i in increasing the rate of VDI that is caused by the same mutation (Fig. 4 D) . These results are consistent with the conclusion that both the effect of the mutation on the rate of VDI and the effect on the extent of VDI arise from the same mechanismimpaired affinity for Mg i binding to the proximal Cterminal EFhand.
Effects of Mg i on VDI of Ca V 1.2 channels in tsA-201 cells To determine whether Mg i modulates VDI of Ca V 1.2 channels expressed in tsA201 cells, we measured I Ca,L (Na) with a range of Mg i concentrations (0.26-7.2 mM). Increased Mg i enhanced the rate and extent of VDI of Ca V 1.2 current (Fig. 4 A) , with an apparent K d of 0.9 mM (Fig. 4 B) . Coexpression of the calmodulin mu tant CaM 1234 , in which mutations of all four EFhands prevent Ca 2+ binding and Cadependent inactivation (Peterson et al., 1999) , had no effect on the measured inactivation (Fig. 4 C) . These results indicate that only VDI is observed under our recording conditions.
Effects of EF-hand mutations on VDI
To determine the role of the Cterminal EFhand in modulating VDI, we tested the EFhand mutations D1546A/N/S/K/R, which reduce the effects of Mg i on peak Ba 2+ currents compared with wildtype (WT) Ca V 1.2 channels (Brunet et al., 2005b) . These muta tions significantly reduced VDI, as assessed from the ratio of r 1000 values at 0.26 and 2.4 mM Mg i (Fig. 4 D) . The rank order of effects (K>R>S>N>A) was the same as previously observed for reduction of peak currents by Mg i (Brunet et al., 2005b) , consistent with the conclu sion that Mg 2+ binds to the proximal Cterminal EFhand and causes both effects.
To further explore the role of Mg i and the EFhand in modulation of VDI, we studied steadystate inactivation of WT Ca V 1.2 or EFhand mutant (D1546K) channels expressed in tsA201 cells. For WT Ca V 1.2 channels at low Mg i concentration, steadystate inactivation was incomplete compared with higher Mg i concentrations ( ( Fig. 6, C and D) . It remains uncertain which Ca V  sub unit is predominant in the heart (Foell et al., 2004; Pitt et al., 2006; Ter Keurs and Boyden, 2007) , but increas ing evidence points to the Ca V  2 family (Gao et al., 1997; Foell et al., 2004; Weissgerber et al., 2006) . Previous studies of Ca 2+ and Ba 2+ currents suggested that Ca V  2b recapitulates the inactivation profile of Ltype currents of ventricular myocytes (Colecraft et al., 2002) . We tested the impact of Ca V  2b on VDI of Ca V 1.2 expressed in tsA201 cells, using 0.26 mM Mg i to minimize its ef fect on VDI of Ca V 1.2 and Na + as charge carrier to elimi nate any effects of divalent ions on the inactivation process. Under these conditions, Ca V  2b significantly in creased VDI compared with Ca V  1b and Ca V  2a (Fig. 6 , E-H). Although the expression of Ca V  2b enhanced the inactivation of Ca V 1.2 (Na) currents, the level of inacti vation is less than previously reported for Ca V  1b and Ca V  2b (Colecraft et al., 2002; Takahashi et al., 2003) . This difference is caused by the use of 0.26 mM Mg i in our experiments because a much larger effect of the Ca V  1b subunit is observed at 2.4 mM Mg i (Fig. 6, C  and D) . Nevertheless, the results at 0.26 mM Mg i show that the Ca V  subunits do not have a profound effect on
Comparison of VDI for native and transfected Ca V 1.2 channels Under recording conditions with reduced Mg i (0.26 mM) and Na + as charge carrier, the level of inactiva tion of I Ca,L (Na) in ventricular myocytes was substan tially greater than that of I Cav1.2 (Na) in tsA201 cells (Fig. 6 A) . At 0.26 mM Mg i , we observed a value of r 300 of 0.46 ± 0.02 (n = 4) for I Ca,L (Na) versus 0.87 ± 0.04 (n = 8) for Ca V 1.2(Na) (P < 0.0001) (Fig. 6, A and B) . Several factors could contribute to the observed dif ference between the VDI of Ltype Ca 2+ current in ventricular myocytes and Ca V 1.2 expressed in tsA201 cells, including differences in expressed Ca V  subunits (Colecraft et al., 2002) and/or in association with the distal Cterminal regulatory domain (DCRD) (Hulme et al., 2006; see below) .
Effect of Ca V  subunits on VDI Ca V  subunits affect the inactivation properties of Ca V 1.2 channels (Catterall, 2000; Colecraft et al., 2002) . In agreement with previous work, we found that VDI of Ca V 1.2 channels is greater with the Ca V  1b subunit than with the Ca V  2a subunit in the presence of 2.4 mM Mg i valent interactions between the DCRD and the proxi mal Cterminal regulatory domain (PCRD) (Hulme et al., 2006) . This interaction has potent autoinhibitory effects on Ca V 1.2 currents when the distal C terminus is expressed as a separate protein with truncated Ca V 1.2 channels (Hulme et al., 2006) . To determine the effect of formation of this complex on VDI, we expressed the truncated Ca V 1.2 channel (Ca V 1.21821) in tsA201 cells with and without the distal C terminus composed of amino acid residues 1,822-2,171 (distal ).
There was no significant difference in inactivation be tween Ca V 1.21821/Ca V  2b (Fig. 7, A and B) and full length Ca V 1.2/Ca V  2b (Fig. 6 , G and H), as the r 1000 was 0.54 ± 0.03 (n = 10) for Ca V 1.21821 and 0.54 ± 0.03 (n = 9) (P = 1.0) for fulllength Ca V 1.2, respectively. On VDI in the presence of low Mg i when divalent cationdependent inactivation is prevented by use of Na + as charge carrier, and therefore indicate that Ca V  sub units cannot fully account for the difference in the rate of VDI between Ltype Ca 2+ currents in ventricular myo cytes and Ca V 1.2 channels expressed in tsA201 cells illustrated in Fig. 6 A.
Effect of the distal C terminus of Ca V 1.2 on VDI The C termini of Ca V 1.1 and Ca V 1.2 channels are pro teolytically processed in skeletal and cardiac muscle tissues, respectively (De Jongh et al., 1991 Gerhardstein et al., 2000; Hulme et al., 2005) . The pro teolytically processed distal C terminus is thought to remain tethered to the proximal C terminus via nonco contribute to the more rapid rate of VDI observed in ventricular myocytes, where we estimated that at least 48% of Ca V 1.2 channels are in the form of proteolyti cally processed channels with associated Cterminal do main (Hulme et al., 2006) .
Because the effect of the distal C terminus on the activity of Ca V 1.2 channels is mediated via an electro static interaction between two positively charged amino acid residues in the PCRD(RR) and three negatively charged residues (EED) in the DCRD (Hulme et al., 2006) , we tested the effect of the DCRD mutant EED QQQ(Distal 1822-2171 ), which was shown to significantly reduce the effect of the distal C terminus on the cou pling ratio of Ca V 1.2 channels (Hulme et al., 2006) . Our results show that the EEDQQQ distal Cterminal mu tant does not enhance VDI of Ca V 1.21821 (Fig. 7 , B and C), suggesting that the electrostatic interaction be tween the PCRD and DCRD is important in mediating the effect of the distal C terminus on VDI of Ca V 1.2 channels. This effect of the C terminus was not de pendent on the Ca V  subunit expressed, as similar obser vations were made with Ca V  1b subunit (unpublished the other hand, the coexpression of distal 1822-2171 with Ca V 1.21821 enhanced inactivation compared with Ca V 1.21821 alone (Fig. 7, A and B) , with r 1000 = 0.54 ± 0.03 (n = 10) for Ca V 1.21821 versus r 1000 = 0.28 ± 0.03 (n = 21) for Ca V 1.21821 with distal 1822-2171 (P < 0.01) (Fig. 7, B and C) . VDI of Ca V 1.21821 with distal was similar to VDI of the Ltype Ca 2+ current in ventricu lar myocytes (Fig. 7 A, I Ca,L ). These results show that for mation of the noncovalent autoinhibitory complex of the distal Cterminal domain with the truncated Ca V 1.2 channel greatly enhances VDI. This interaction may The dialysis of 0.1 mM Mg i reduced inactivation (r 1000 = 0.60 ± 0.05; P < 0.01) compared with 0.26 and 7.2 mM Mg i (Fig. 8 C) . This result suggests that the noncovalent interaction of the distal C terminus with the Ca V 1.2 channel enhances regulation of VDI by Mg i , possibly by increasing the affinity for binding of Mg i to the proxi mal Cterminal EFhand.
Requirement for the EF-hand of Ca V 1.2 for regulation of VDI by the distal C terminus
The effect of the distal Cterminal domain on the rate of VDI can be clearly observed by comparing the rate of inactivation for Ca V 1.21821 without and with distal 1822-2171 at 0.26 mM Mg i (Fig. 7, A and B) . A simi lar effect on VDI is observed for truncation at position 1,800 (Fig. 9 A) , the probable point of in vivo proteo lytic processing determined by mass spectrometric anal ysis of the related Ca V 1.1 channel (Hulme et al., 2005) , and more extensive analysis has shown that these two forms of the autoinhibitory Ca V 1.2 channel complex cleaved at position 1,800 or 1,821 have nearly identical functional properties when studied sidebyside (unpub lished data). To determine the role of the proximal Cterminal EFhand in the enhancement of VDI by the distal C terminus in Ca V 1.21800, we studied the muta tion D1546R, which reduces the effects of Mg i on cur rent amplitude and VDI of Ca V 1.2 (Brunet et al., 2005a,b) . With EFhand mutant Ca V 1.21800(D1546R) plus distal , the distal C terminus did not enhance VDI of Ca V 1.2 (Fig. 9 B) in contrast to Ca V 1.21800 with data). These effects of distal 1822-2171 on VDI of Ca V 1.21821 are consistent with previous results show ing that distal 1822-2171 reduces the current amplitude of Ca V 1.21821 through interaction with the EED motif in the DCRD (Hulme et al., 2006) . Overall, these results suggest that the increased VDI of Ltype Ca 2+ current in cardiac myocytes results at least in part from the interac tion with distal C terminus of Ca V 1.2, which enhances VDI of Ca V 1.2 channels through electrostatic interac tions with the PCRD.
Cooperative modulation of VDI by the distal C terminus and Mg i
Because both the distal C terminus and Mg i enhance in activation of Ca V 1.2 channels, we examined the impact of the distal C terminus on the Mg i modulation of VDI of truncated Ca V 1.2 channels. As in previous work, Mg i enhanced the inactivation of the fulllength Ca V 1.2 channel (Fig. 8 A) (Brunet et al., 2005a) , with r 1000 = 0.54 ± 0.03 for 0.26 mM versus 0.15 ± 0.03 for 7.2 mM Mg i (P < 0.001). Similar to the Mg i effect on fulllength channels, Mg i also enhanced VDI of Ca V 1.21821 (Fig. 8 B) . The r 1000 value was 0.54 ± 0.03 at 0.26 mM Mg i versus 0.10 ± 0.05 (P < 0.001) for 7.2 mM Mg i . In contrast, when distal 1822-2171 was coexpressed with Ca V 1.21821 channels, 7.2 mM Mg i did not significantly enhance VDI of Ca V 1.2 (Fig. 8 C; 0.26 mM, r 1000 = 0.28 ± 0.03; 7.2 mM, r 1000 = 0.25 ± 0.03; P = 0.52). To determine whether reduced Mg i regulates this autoinhibitory com plex, a lower Mg i concentration (0.1 mM) was tested. Figure 9 . Requirement for a functional proxi mal Cterminal EFhand for the effects of the distal C terminus on Ca V 1.2 current. Effect of coexpression of distal 1801-2171 on mean nor malized Na + currents resulting from expres sion of (A) Ca V 1.21800 or (B) Ca V 1.21800 containing mutation D1546R in the EFhand (Ca V 1.21800(D1546R)). n = 15, 17, 10, and 15 for Ca V 1.21800(D1546R), Ca V 1.21800(D1546R) plus distal 1801-2171 , Ca V 1.21800, and Ca V 1.21800 plus distal 1801-2171 , respectively. Mg i was 0.26 mM. (C) Mean coupling ratios measured as the ratio of peak tail current at 40 mV (nA) after a de polarization to the reversal potential and gating charge movement measured at the reversal po tential (pC). Gating charge movement was mea sured by applying a series of test pulses from the HP of 80 mV to potentials between +60 and 80 mV in 2mV increments and integrating the gat ing charge movement at the reversal potential for the ionic current (Hulme et al., 2006) . n = 10, 9, 11, and 8. (D) Normalized conductance-voltage relationships. Peak tail currents were measured upon repolarization to 40 mV after 20ms depo larization to potentials between 40 and 200 mV. Ba 2+ was used as charge carrier, and Mg i was 0.8 mM for the experiments in C and D. (Hartzell and White, 1989; Yamaoka and Seyama, 1996b; Wang et al., 2004) . However, it was un certain whether the Ba 2+ dependent inactivation ob served in our experiments in transfected cells might contribute substantially to those effects in ventricular myocytes. Our present results with Na + as permeant ion clearly demonstrate that, in the absence of permeant divalent ions, increases in Mg i concentration both re duce peak Ca 2+ current and enhance VDI in native ven tricular myocytes.
Mg i is 0.8 mM in intact cardiac myocytes under physiological conditions (Murphy et al., 1989; Headrick and Willis, 1991; Haigney et al., 1998) . There is a two to threefold increase in Mg i in ventricular myocytes as ATP levels decrease during transient ischemia (Murphy et al., 1989; Headrick and Willis, 1991) . Similar two to three fold increases in Mg i are observed in cerebral ischemia (Brooks and Bachelard, 1989; Helpern et al., 1993; Williams and Smith, 1995) and in traumatic brain in jury (decrease Mg i ) (Vink et al., 1988; Heath and Vink, 1996) . In contrast, a decrease of two to threefold in Mg i is observed in heart failure (Haigney et al., 1998) . Our results show that both the peak amplitude and VDI of Ltype Ca 2+ currents in ventricular myocytes would be substantially regulated by these changes in Mg i . In heart failure, reduction of Mg i would increase Ca 2+ currents and slow their inactivation, which may contribute to dysregulation of Ca 2+ signaling, hypertrophy, and cyto toxicity. In ischemia, the increase in Mg i would reduce Ltype Ca 2+ current by reducing peak current and by enhancing VDI. These effects would reduce cytotoxicity caused by Ca 2+ overload under ischemic conditions. Moreover, this regulatory mechanism would be cell autonomous, reducing Ca 2+ currents only in those indi vidual cardiac myocytes that are ischemic, while leaving neighboring cells with normal ATP levels uninhibited. This unique cellautonomous protective mechanism may contribute significantly to preventing Ca 2+ overload in ischemia.
Upon maintained depolarization, the cardiac Ltype calcium current inactivates by dual mechanisms depen dent on Ca 2+ and voltage (Lee et al., 1985; Nilius and Benndorf, 1986) . Calciumdependent inactivation accel erates the decay of the calcium current as calcium accu mulates inside the cell during the action potential, and these changes in inactivation kinetics play an important role in the control of action potential duration and ex citation-contraction coupling (Kleiman and Houser, 1988; Keung, 1989) . However, Ca 2+ dependent inactiva tion does not reduce the peak Ca 2+ current until after WT distal (Fig. 9 A) . These results indicate that interaction of Mg i with the EFhand in the proximal C terminal is required for regulation of VDI by the dis tal Cterminal domain. The distal Cterminal domain inhibits Ca V 1.2 channel activity by positively shifting the voltage dependence of activation and reducing the coupling ratio of gating charge movement to channel opening (Hulme et al., 2006) . Using Ba 2+ as a charge carrier to allow compari son of our results with the previous work, we found that the D1546R mutation in the EFhand in the proximal Cterminal domain prevented both the reduction of the coupling ratio (Fig. 9 C) and the positive shift in the voltage dependence of activation of Ca V 1.21800 (Fig. 9 D) . These results demonstrate that a functional EFhand in the proximal Cterminal domain is required to mediate all of the effects of the noncovalently associ ated distal C terminus on Ca V 1.2 channels, including increased VDI, positively shifted activation, and reduced coupling ratio.
D I S C U S S I O N
Cation-dependent inactivation and Ba 2+ as charge carrier
We found that use of Ba 2+ as a charge carrier resulted in a significant level of cationdependent inactivation of Ca V 1.2 channels. In our transfected cell system, we observed a correlation between Ba 2+ current ampli tude and r 1000 as an index of inactivation. This result is in agreement with previous work (Zhang et al., 1994; Ferreira et al., 1997; Sun et al., 2000) , including previ ous studies of cationdependent inactivation of Ca V 1.2 channels expressed in tsA201 cells by Ba 2+ (Ferreira et al., 1997) . It was proposed that Ba 2+ could bind weakly to the same sensor as Ca 2+ , which is now known to be calmodulin, and could activate the same inacti vation mechanism when high local concentrations are achieved (Sun et al., 2000) . Based on our results and this previous work, it is evident that unambiguous measurement of VDI requires use of Na + or another monovalent cation as charge carrier, taking advantage of the ability of Ca 2+ channels to conduct monovalent cations with high efficiency in the presence of low extracellular concentrations of Ca 2+ . Because Ca 2+ dependent inactivation is much faster than VDI for Ca V 1.2 channels, a small contamination by this cation dependent inactivation mechanism can have a major impact on measurements of VDI. In addition, in trans fected cell systems that yield variable expression of Ca V 1.2 channels from different transfections and from different mutants, elimination of cationdependent inactivation that varies with channel density is espe cially important. For these reasons, we used Na + as permeant ion for most of our experiments on VDI re ported here.
conditions; therefore, our results presented here re flect the effects of Mg i on Ca V 1.2 channels whose activ ity is partially upregulated by basal cAMPdependent phosphorylation.
Mg i enhances VDI of Ca V 1.2 channels Our results show that altering Mg i has striking effects on VDI of Ca V 1.2 channels expressed in tsA201 cells in the absence of other cardiacspecific proteins. The rate and extent of VDI increase dramatically with increased Mg i . This enhancement of inactivation occurs with an apparent K d of 0.9 mM. Ca V 1.2 is the predominant Ca 2+ channel in cardiac cells, and this value falls in the range of normal physiological levels of Mg i in cardiac cells (0.6-1.0 mM) (Murphy et al., 1989; Headrick and Willis, 1991; Haigney et al., 1998) . Thus, the depen dence of peak current amplitude and VDI of Ca V 1.2 channel on Mg i that we have defined in the tsA201 cell expression system likely reflects the Mg i dependence of peak current amplitude and VDI of the Ca V 1.2 chan nel in vivo.
The proximal C-terminal EF-hand mediates the effects of Mg i on VDI Our previous studies of the effects of Mg i on peak Ca 2+ currents showed that EFhand mutations at the z posi tion (D1546A/NS/K/R) reduce the inhibitory effects of Mg i because of a decrease in apparent affinity for Mg i (Brunet et al., 2005b) . Our present results extend those findings to VDI and lead to the conclusion that both the (White and Hartzell, 1988; Wang et al., 2004; Wang and Berlin, 2006) . These investigators concluded that the actions of Mg i to reduce peak cur rents and enhance VDI are mediated by a separate mechanism from protein phosphorylation, but the extent of modulation by Mg i is dependent on the phosphorylation state of the Ca V 1.2 channel. These conclusions are consistent with the work we present here, in which we find that the effects of Mg i on peak current and on VDI are caused by the binding of Mg to the Cterminal EFhand. In other experiments (un published data), we found that PKA inhibitors reduced Ca V 1.2 current 50% under our basal physiological Figure 10 . Schematic illustration of the Ca V 1.2  subunit emphasizing the spatial relationship of key regulatory sites located at the proximal C terminus. Ca V 1.2,  subunit composed of the N terminus, the four homologous domains with six transmembrane segments, and a reentrant pore loop in each (I-IV), and the Cterminus. The arrows point to the conformational interactions between the distal C terminus (DCT; red arrow) and the IQ motif (Ca Mg i and the proximal C-terminal EF-hand are required for the functional effects of the noncovalently associated distal C-terminal domain Because the effect of the distal C terminus on VDI was comparable in amplitude to that of Mg i , we investigated the possible functional interaction between Mg i and the distal C terminus. To our surprise, when the distal C ter minus was expressed together with the cleaved Ca V 1.2 channel, increasing Mg i concentration from 0.26 to 7.2 mM had little effect. On the other hand, decreasing Mg i to lower levels reduced VDI, indicating that the appar ent affinity for Mg i was increased by noncovalent associ ation of the distal C terminus. These results demonstrate a cooperative interaction between the distal C terminus and Mg i binding to the proximal Cterminal EFhand motif in enhancement of VDI. Consistent with this idea, the mutation D1546R reduces affinity for the binding of Mg i to the proximal Cterminal EFhand and reduces the functional effects of the distal C terminus. Overall, these results place the EFhand as a downstream struc tural element through which the distal C terminus regulates VDI of Ca V 1.2 channels. Evidently, Mg i en hancement of VDI is cooperatively coupled to enhance ment of VDI by the distal C terminus.
A C-terminal signaling complex controlling inactivation of Ca V 1.2 channels
The inactivation of Ca V 1.2 channels is both Ca 2+ and voltage dependent. Our results show that VDI of Ca V 1.2 channels is regulated by the distal C terminus, Mg i , and the proximal Cterminal EFhand. At the same time, Ca 2+ dependent inactivation of Ca V 1.2 channels is regu lated by the binding of Ca 2+ and calmodulin to an IQ motif just downstream from the EFhand motif in the proximal Cterminal domain (Peterson et al., 1999; Zuhlke et al., 2000; Pitt et al., 2001; Ohrtman et al., 2008) , and the effects of Ca 2+ /calmodulin binding to the IQ motif on CDI are blocked by mutations on the external, noncation-binding face of the EFhand (Peterson et al., 2000) . The spatial relationship of these regulatory sites is illustrated in Fig. 10 , which empha sizes that regulatory influences on both Ca 2+ dependent inactivation and VDI from downstream in the Ctermi nal domain are mediated via the proximal Cterminal EFhand and are potentially influenced by the binding of Mg i . We propose that conformational changes in duced by noncovalent association of the distal Ctermi nal domain and Ca 2+ /calmodulin with the proximal Cterminal domain are propagated from the regulatory regions of the C terminus to the porelining IVS6 seg ment via the EFhand motif. These results further em phasize the interactive nature of the multiple regulatory elements in the C terminus of Ca V 1.2 channels, and place Mg i binding to the proximal Cterminal EFhand motif in position to serve as a key integrator of multiple regulatory signals that control Ca 2+ channel function.
reduction of peak current amplitude and the enhance ment of VDI caused by Mg i result from its interaction with the proximal Cterminal EFhand motif. This con clusion is in agreement with previous work suggesting that the structure of the EFhand of Ca V 1.2 is important for VDI (Bernatchez et al., 1998) . Evidently, the func tional role of the EFhand in VDI depends on its bind ing of Mg i as shown here.
Noncovalent association of the distal C-terminal domain increases the rate of VDI in transfected cells
Although our results describing the modulation of Mg i on Ltype Ca 2+ current in myocytes are qualita tively similar to our results on Mg i modulation of Ca V 1.2 channels in tsA201 cells, there are some im portant quantitative differences. First, Mg i was more effective at enhancing the inactivation of Ca V 1.2 in tsA201 cells compared with the inactivation of the Ltype Ca 2+ current in ventricular myocytes. Second, VDI was greater for Ca V 1.2 channels in cardiac myo cytes than for Ca V 1.2 expressed in tsA201 cells, as re ported previously using Ba 2+ as permeant ion (Colecraft et al., 2002) . Subunit structure and com position of Ca V 1.2 channels in ventricular myocytes and Ca V 1.2 channels in tsA201 cells may contribute to these differences.
Our results show that Ca V s have small but significant effects on the VDI of Ca V 1.2 measured with Na + as the permeant ion in the presence of low Mg i . These effects of Ca V s on VDI are smaller than in previous work, and Ca V  2b did not fully restore VDI of Ca V 1.2 as reported previously (Colecraft et al., 2002) . Our results indicate that Ca V s cannot fully account for the difference in VDI between Ca V 1.2 channels in ventricular myocytes and Ca V 1.2 channels in transfected cells in the absence of permeant divalent cations.
In myocytes, the distal C terminus of Ca V 1.2 is pro teolytically processed in situ, whereas it is not cleaved in tsA201 cells (De Jongh et al., 1991 Hulme et al., 2005 ). Our results demonstrate that ex pression of the distal C terminus of Ca V 1.2 together with the truncated Ca V 1.21821 channel markedly en hanced VDI under our recording conditions. This en hancement of VDI was blocked by the distal C terminus mutation EEDQQQ, supporting a role for an electro static interaction between the PCRD and DCDR in me diating the effect of the distal C terminus on VDI. This effect of the distal C terminus on VDI was greater than the effects of Ca V s tested, but it was comparable to the effects of Mg i . These findings support an impor tant role of the distal Cterminal domain in regulating Ca 2+ currents via control of coupling ratio, voltagede pendent activation, and VDI. These results are consis tent with the autoinhibitory function demonstrated for the distal C terminus of Ca V 1.2 in previous studies (Hulme et al., 2006) .
